Transcriptome profiling facilitates the identification of developmentally regulated genes. To quantify the functionally active genome of P19 embryonic carcinoma (EC) cells induced to form cardiomyocytes, we employed serial analysis of gene expression (SAGE) to sequence and compare a total of 171,735 SAGE tags from three libraries (undifferentiated P19 EC cells, differentiation days 3 1 0.5 and 3 1 3.0). After in vitro differentiation, only 3.1% of the gene products demonstrated significant ðP , 0:05Þ changes in expression. The most highly significant changes ðP , 0:01Þ involved altered expression of 410 genes encoding predominantly transcription factors, differentiation factors and growth regulators. Quantitative polymerase chain reaction analysis and in situ hybridization revealed five growth regulators (Dlk1, Igfbp5, Hmga2, Podxl and Ptn) and two unknown ESTs with expression profiles similar to known cardiac transcription factors, implicating these growth regulators in cardiac differentiation. These SAGE libraries thus serve as a reference resource for understanding the role of differentiation-dependent genes in embryonic stem cell models induced to form cardiomyocytes in vitro. Published by Elsevier Science Ireland Ltd.
Introduction
The heart is the first organ to develop, but the molecular factors that control myocardial specification, differentiation and diversity are only beginning to be unraveled. Extracellular factors (e.g. cytokines, bone morphogenetic proteins, extracellular matrix) from myocardial and non-myocardial cells (anterior endoderm among others) (Dani et al., 1998; Yutzey and Bader, 1995) , coupling proteins and intracellular signaling molecules are thought to play a prominent role in the induction of known cardiac transcription regulators like GATA4, 5, 6, Nkx2.5/Csx1, cardiotrophin1, MEF2, HAND1/eHAND/Thing1 and HAND2/dHAND, and Tbox (TBX)2, 3, and 5 (Biben and Harvey, 1997; Black and Olson, 1998; Charron and Nemer, 1999; Christoffels et al., 2000; Han and Molkentin, 2000; Harvey, 1999; Latchman, 2000; Molkentin, 2000; Srivastava, 1999; Wollert and Chien, 1997; Yamada et al., 2000) . Induction is followed by down-stream activation or repression of target genes, including individual targets that are specifically up-regulated in heart (e.g. a-and b-myosin heavy chain (MHC), cardiac troponin C). Formation of an organ as complex as heart, however, involves a myriad of genes, many (or most) of which may not be cardiac-specific (Srivastava and Olson, 2000) . It therefore remains likely that many more key genetic regulators of cardiac development will be identified.
In vitro models utilizing pluripotent embryonic stem (ES) and embryonic carcinoma (EC) cells have been successfully employed to study cardiac differentiation (Hescheler et al., 1997; Maltsev et al., 1993 Maltsev et al., , 1994 Maltsev et al., , 1999 Metzger et al., 1997; Monzen et al., 1999; Narita et al., 1997; Wobus et al., 1994) . Cultures of pluripotent ES and EC cells are similar in phenotype to embryonic cells derived from the inner cell mass, and aggregates of ES or EC cells spontaneously form macroscopic, multicellular structures, termed embryoid bodies (EBs) that can give rise to many cell types, including cardiomyocytes. In particular, the pluripotent P19 EC cells, derived from a teratocarcinoma formed in C3H/He mice, can be induced to differentiate into a heterogeneous cell population, containing a high percentage of cardiomyocytes (Rudnicki and McBurney, 1987; Rudnicki et al., 1989 Rudnicki et al., , 1990 Wobus et al., 1994) . Under appropriate conditions, up to 50% of cells present in EBs contain cardiomyocytes that spontaneously contract and which have characteristics typical of early and terminally differentiated cardiomyocytes (Skerjanc, 1999; Wobus et al., 1994) .
From sequencing of the human and mouse genomes, genomics has provided a number of tools (cDNA clones, sequences, and sequence diversity) that can be employed to examine gene expression profiles. One genomic-based technique capable of assaying a cellular transcriptome (identity and quantity of all RNA transcripts in a cell population) without prior knowledge of the genes involved is serial analysis of gene expression (SAGE). This sequencing based technique relies on 10-14 base pair sequences (SAGE tags) to evaluate thousands of expressed transcripts in a single assay (Velculescu et al., 1995) . Theoretically, a 10 base tag can define 1,048,576 ( 4 10 ) unique transcripts. This technique has been successfully employed to identify markers and therapeutic targets of disease (Bartlett, 2001) , Fig. 1 . In vitro differentiation protocol of P19 embryonic carcinoma (EC) cells induced to form cardiomyocytes. (A) Morphology of undifferentiated P19 EC cells (I) and EBs derived from P19 EC cells in suspension culture (days 1 to 3-II to IV) or one day after plating (day 3 1 1-V). Differentiated cells were cultivated for up to 10 days, during which time the spontaneous beating activities were recorded. (B) RT-PCR analysis of RNA isolated from EBs formed in suspension for 3 days followed by plating (3 1 x, where x is the time after plating). P19, undifferentiated cells; H, adult mouse heart; C, control lacking template. b-Tubulin was used as a positive control for the PCR reactions. (C) Profile of a-MHC, MLC2V and Gata4 mRNA expression with in vitro differentiation. (D) Graph plotting spontaneous contractions of cardiomyocytes in EBs as a function of starting cell number and plating time. From dayand it seems well suited to the identification of developmentally regulated genes (Anisimov et al., 2001) .
In this study, we employed SAGE to characterize the transcriptomes of P19 EC cells in an undifferentiated, pluripotent state and after induction to differentiate to cardiomyocytes. Each P19 SAGE library contained tags with unique expression profiles, analogous to what we previously reported for R1 ES cells (Anisimov et al., 2002) . With in vitro differentiation, the vast majority (.96.9%) of tags did not show significant changes in expression, and only 410 gene products showed highly significant changes ðP , 0:01Þ in expression at the time points examined. We interpreted the P19 data in the context of an adult mouse heart (AMH) SAGE library and took advantage of the SAGE analyses to identify candidate genes implicated in cardiac development. We then examined individual candidates on a larger sample set by quantitative polymerase chain reaction (Q-PCR). Because several transcripts identified in this study had expression profiles similar to known cardiac transcription factors and are known to regulate developmental processes in non-myocardial cells, we suggest a possible functional role in myocardial differentiation.
Results

P19 differentiation model
The efficiency and rate at which P19 embryonic cells can be induced to differentiate into a heterogeneous cell population containing a high percentage of beating cardiomyocytes varies according to the differentiation protocol. We therefore performed pilot experiments (with 200, 400, 800, 1000 and 2000 P19 EC cells per hanging drops) to identify two time points apt for post-differentiation SAGE analysis: one prior to the initiation of spontaneous contractions with expression of early cardiac markers (Gata4) and one after the initiation of spontaneous contractions and after induction of a-MHC and myosin light chain 2v (MLC2V) gene expression ( Fig. 1) . We found that 2000 cells per 20 ml hanging drop and plating of the EBs at day 3 resulted in a cell population with the desired characteristics. At day 3 1 0.5 (0.5 days after plating), Gata4 transcripts were abundant, while those for a-MHC and MLC2V transcripts were absent (Fig. 1B, C) . At day 3 1 3.0, Gata4 expression was similar to that seen in adult mouse myocardium, and a-MHC and MLC2V transcripts had begun to accumulate. The first areas of spontaneous contractions appeared 2.5 days after plating (day 3 1 2.5) and, 1.5 days later (by day 3 1 4.0), all the EBs had beating areas (Fig. 1D ) that subsequently (day 3 1 6.0) encompassed .50% of the surface area.
SAGE Libraries (P19 undifferentiated and postdifferentiation)
Three SAGE libraries were generated [undifferentiated P19 (P19U) , committed P19 day 3 1 0.5, and differentiated P19 day 3 1 3.0], the quality of which are indicated in Table  1 . A total of 171,735 tags were sequenced from the three libraries, of which 168,957 were reliable. A total of 47,608 tags had unique sequences, and similar numbers of unique tags were identified in each library (Table 1 ). The majority of these tags were present only once (32,365 or 68.0%). All of the 100 most abundant tags in each of the three libraries directly matched known entries in either the GenBank NR or EST databases, or the UniGene database. (Appendix A). Only two transcripts in the P19U library, a B2 repetitive sequence and elongation factor 1a, could be classified as 'highly abundant' (.1% of the total number of transcripts in a library). Several gene groups among the most abundant tags could be discerned from each catalog (Appendix A), including protein synthesis related genes (60 entries), cytoplasmic (11), cytoskeletal (8), enzymatic (6) and energy metabolism-related (3), membrane-encoding (3), secretory (1), and other proteins. The portion of unique tags matching known GenBank NR entries is far smaller for tags of relatively low abundance. Only 2383 (10.4%) sequences had direct matches to the NR database, while 15,562 (68.2%) matched sequences in the GenBank EST database for P19U EC cells. Of the 20,783 unique tags identified in the P19 3 1 0.5 SAGE library, 2370 and 14,013 transcripts (11.4 and 67.4%, respectively) matched GenBank NR and EST entries, while at 3 1 3.0, 2337 and 13,938 tags matched (11.6 and 69.1%, respectively). Importantly, proteins expressed or regulated in cardiac development (e.g. cardiac troponins T, C and I, a-MHC, smooth muscle actin, myosin alkali light chains) were expressed only in differentiated P19 cells, supporting the use of this model system to study cardiac differentiation.
To ensure that the majority of SAGE tags originated from the most 3 0 CATG site, ten randomly selected tags were amplified using rapid analysis of unknown SAGE tags-PCR (RAST-PCR), and the PCR products digested with
NlaIII. The digestions indicated that 90% of the clones originated from the most distal NlaIII sequence (data not shown). Product sizes were then compared to the predicted lengths from the corresponding GenBank entries (CATG site closest to the poly (A) 1 signal), and all the clones were sequenced. In each case, the sequence analysis of the PCR fragments yielded exact matches with the gene products identified in GenBank. Separately, we found that some tags identified in these libraries corresponded to the same gene transcript [e.g. both CTGCTGCTTC and CTGGTGCTTC in Table 2, #10 and Table 3 , #50, respectively, matched the homeo box, msh-like 1 transcript (Msx1/ a Absolute number of tags (N) and abundance in tags per million (tpm) detected in undifferentiated P19 EC cells (P19U), P19 3 1 0.5 and P19 3 1 3.0. Bold denotes transcripts with expression in EC cells at least 1.5-fold higher than in any entry in the UniLib database.
b Comparisons with human catalogs were performed based on gene homologs. Italics denote transcripts represented by more than one SAGE tag. 
Catalog comparisons
To identify transcripts with unique expression profiles, we compared EC SAGE tags present at $150 tpm (tags per million) to all the SAGE catalogs available at http:// www.ncbi.nlm.nih.gov/UniLib/index.cgi. Specifically, we were looking for transcripts (normalized to tpm) that were more highly abundant in one of the three P19 catalogs than any other publicly available SAGE catalog. Comparisons with the human SAGE libraries were on a gene homolog basis. Thirty-seven unique transcripts had expression profiles that were $1.5-fold higher than any of the UniLib Sage catalogs examined (Table 2 ). In the undifferentiated P19 cells, transcripts to leukemia inhibitory factor receptor (Lifr), proliferation related acidic leucine rich protein (Pal31), sialoadhesin, and undifferentiated embryonic cell transcription factor 1 (Utf1) have been associated with the pluripotent phenotype (Anisimov et al., 2002) . In contrast, neural precursor cell expressed and developmentally downregulated gene 4a (Nedd4a), paternally expressed 3 (Peg3), heart and neural crest derivatives expressed transcript 1 (Hand1), glypican 3 (Gpc3) and microfibrillar-associated protein 5 (Mfap5/Magp2) transcripts are only expressed in differentiated cells.
Next we compared the tag frequencies among the three P19 SAGE libraries (Fig. 2) . Many SAGE tags (7.6%) had differentiation-specific (restricted to only one time point) patterns of expression. For example, tag sequences CCTCCAAGGA and GACAAACAGT (Table 3 , entries 43 and 58, respectively) were identified eight and ten times, respectively, but only in the committed 3 1 0.5 day library. The number of tags with this restricted pattern of expression and present at least twice in any single library were as follows: P19 undifferentiated, 1368 tags; day 3 1 0.5, 1008 tags; and day 3 1 3.0, 1237 tags. These data demonstrate that temporal activation and repression of gene transcription are essential features of P19 differentiation, a process that may be required for in vitro differentiation to cardiomyocytes.
The vast majority of gene products (.96.9%) did not show any significant change in abundance, while a total of 1498 tags reached the P , 0:05 significance level during differentiation ( Fig. 2 and Because very few of these transcripts, other than Hand1, code for cardiac-transcription factors, we compared the subset of 410 gene products with an adult SAGE mouse heart catalog reference (Anisimov et al., in press ). Over half (313) of these differentially regulated gene products are expressed in AMH, while only 250 are present in the AMH SAGE catalog at two or more copies. One hundred fifty-two of these were present at two or more copies in all four libraries, consistent with a set of differentially regulated gene products that are required for cellular metabolism or general functions (e.g. mitochondrial proteins, Table 3 , Appendix B and C). In contrast, 97 transcripts were absent or poorly expressed in AMH, indicating that some of these transcripts may be involved in early differentiation stages that were either subsequently down-regulated or were not involved directly in cardiomyocyte differentiation.
Post-SAGE analyses
Next we examined the expression profiles of known cardiac gene transcription factors, including transcripts to basic-helix-loop-helix protein HAND1 and zinc-finger proteins GATA4, 5, and 6. The aim of these experiments was to validate by quantitative PCR the SAGE results and determine whether differentially regulated transcripts would be present in fetal and AMHs. The data are shown in Fig. 3 . Fig. 3 . Expression of four known cardiac transcription factors (Gata4, 5, 6, and Hand1) in P19 cells and mouse hearts. (A) Assays were performed using real-time quantitative PCR, and the Tm (828C) for Hand1 indicates that a single fragment of the predicted sequence was amplified. (B) The amplification of a single product for all Q-PCR amplified products (e.g. Hand1) was also confirmed on agarose gels. (C) The expression of each transcription factor was up-regulated with in vitro differentiation. Gata transcripts were present in quantifiable levels in fetal mouse heart (FMH, 14.5-15.5 dpc) and adult mouse heart (AMH), while Hand1 was greatly reduced in the AMH, but still at levels tenfold greater than in undifferentiated P19 cells. All data have been presented relative to the maximum signal (100%) measured at day 3 1 3.0. An example of the amplification of podocalyxin (Podxl) amplicons is shown. DR n value represents the difference between R 1 n (ratio of SYBRGreen emission intensity to that of a passive reference (ROX) containing template DNA) and R 2 n (ratio of SybrGreen emission intensity to that of ROX for samples lacking template or during early cycles of real-time PCR). The full data set is given for heart in Table 4 and for other tissues in Table 5 . (B) Northern blots were performed on a subset of gene products assayed by Q-PCR. As shown, data from Podxl were comparable between Northern and Q-PCR analysis, i.e. expression was greatest in heart relative to all other tissues examined. Two unknown ESTs with low levels of expression were also examined, one of which was found to have at least two splicing variants. b-Actin was used as a control for RNA loading.
The findings were generally consistent with the SAGE results, but in the case of Gata4, they differed somewhat from that shown in Fig. 1 . By quantitative PCR, Gata4 expression is up-regulated with in vitro differentiation similar to that seen by SAGE analysis (SAGE tags increase from 0 to 98 and then to 133 tpm in differentiating EC cells); whereas, in Fig. 1 , Gata4 expression is less at 3 1 3.0 than 3 1 0.5 days of differentiation. The differences can be explained by the method of PCR employed for the analyses. Importantly, Hand1, Gata4, 5 and 6 are all regulated with in vitro differentiation and are present in fetal and AMH (Fig. 3, Table 4 ).
Quantitative PCR assays were then performed to identify transcripts (especially growth factors and/or transcription Fig. 5 . In situ hybridizations of selected transcripts that showed altered levels of expression during in vitro differentiation of P19 cells. Sagittal and transverse sections of 14.5 dpc mice have been hybridized with cRNA and mRNA probes for (A) MHC (positive control for a probe that cross-reacts with both a-and b-MHC transcripts), (B) Igfbp5, (C) Hmga2, (D) Podxl, (E) Ptn and (F) Dlk1. In panel A, MHC expression is shown in the upper transverse section, and a no antibody control is shown underneath. For each of the other sections, the cRNA probe was used on the upper transverse section, while a negative control for each transcript (mRNA probe) is shown underneath. Excluding MHC, each transcript is widely distributed. The transverse sections indicate that expression of each growth regulatory factor transcript is present throughout the myocardium (atria and ventricles). No tissue specificity in the myocardium was noted for the growth regulators, except for Dlk1, which did not stain the atrioventricular valves. Under higher magnification, expression was detected specifically in cardiomyocytes.
factors) from Table 3 that had expression profiles similar to those seen in Fig. 3 . Primers were designed for 49 gene products and tested, 36 of which amplified single products (Appendix D) . Only 25 of the tested primer sets generated single product amplicons of appropriate size that were also present in fetal and adult cardiac RNA preparations (Table  4 ). A tissue comparison was then performed on diverse fetal and adult tissues (see Table 5 ). Like Hand1 and Gata6, eight gene transcripts [podocalyxin (Podxl), Igfbp5, vimentin, high mobility group AT-hook 2 (Hmga2/Hmgi-C), Dlk1, Ptn and two unknown transcripts (ESTs)] had expression levels in heart, similar to or greater than all other tissues examined. As an independent control of the quantitative data, Northern blots were performed and found in each instance ðn ¼ 6Þ to correspond with the Q-PCR data (Fig. 4) .
Finally, in situ hybridizations were performed on sagittal and transverse sections of 14.5 dpc mouse embryos for Podxl, Igfbp5, vimentin, Hmga2, Dlk1, Ptn and two unknown transcripts (n $ 4, for each probe). The spatial and tissue distribution of these transcripts is shown in Fig.  5 . Excluding the a/b-MHC probe, each transcript was widely (or ubiquitously) distributed in fetal tissues in a manner consistent with the results generated by Q-PCR (Tables 4 and 5 ). Each of the transcripts, like the MHC positive control for myocardium, was present throughout the myocardium, including the ventricular free walls, septum, trabeculae and atria. The expression of these transcripts in myocardial cells at 14.5 dpc, in addition to the regulated expression with in vitro differentiation suggests a functional role of these gene products during cardiac development.
Discussion
The aims of this study were to create a reliable reference to compare and describe P19 transcriptomes and to provide a starting point for understanding gene function, gene interactions and the role of genes in promoting cardiac phenotypes with in vitro differentiation of P19 cells. Because many of the factors responsible for cardiac differentiation are unknown (Srivastava and Olson, 2000) , we employed the method of SAGE, which assesses mRNA abundance and, unlike microarrays, can identify previously unknown sequences (Velculescu et al., 1995) . Although the transcriptome analyses described in this study cannot be considered comprehensive (Velculescu et al., 1999) , comparisons of the P19 transcriptomes demonstrate that in vitro differentiation is characterized by the induction and repression of specific gene products and by significant changes in the abundance of a limited number of gene transcripts. Because of the large amount of information generated from the three SAGE libraries, we focused primarily on the analysis of tags that had .tenfold changes in expression ðP , 0:01Þ. Importantly, the expression profiles are consistent with expression data generated by independent techniques (Q-PCR), and the findings are applicable, at least partially, to mouse cardiac development.
As a model system, we chose to use a P19 EC cell line to study in vitro differentiation of cardiomyocytes. EC cell lines generally have a restricted developmental potential and are tumorigenic; however, the P19 EC cell line is pluripotent, has a normal complement of chromosomes, and does not require feeder layers for maintenance in culture. The P19 cells employed in this study demonstrated transcriptional events consistent with normal developmental processes (see Fig. 1 ). SAGE comparisons also revealed robust expression of the POU domain class 5 transcription factor 1 gene (PouF1/Oct3/Oct4) in undifferentiated P19 cells that decreased following in vitro differentiation. Pouf1 transcripts are usually only present in pluripotent embryonic cells and are either poorly expressed or absent in differentiated cells (Okamoto et al., 1990; Schoeler et al., 1989a,b) . Similarly, other transcripts [teratocarcinomaderived growth factor (Tdgf1/Cripto), Utf1, early development regulator-1 (Edr1/Mph1)] known to be associated with the undifferentiated state showed marked declines in expression with in vitro differentiation. Although relatively homogeneous in the undifferentiated state, P19 EC cells also readily differentiate in vitro into a heterogeneous population that contains a large number of cardiomyocytes, skeletal muscle cells or neuronal cells, depending on the differentiation protocol. Cellular aggregation in the presence of 1% DMSO specifically induces cardiomyocyte differentiation (McBurney, 1993 ) with a high efficiency. P19 derivedcardiomyocytes go through a developmental continuum from immature primary myocardial-like cells to mature, terminally differentiated atrial-and ventricular-like cardiomyocytes similar to those derived from D3 ES cells (Maltsev et al., 1993; Wobus et al., 1994) . In this study, nearly all of the EBs formed large foci of beating cardiomyocytes, which also showed a differentiation continuum of cardiac gene expression (see Fig. 1 ). Using this model, we show that P19 SAGE catalogs at days 3 1 0.5 and 3 1 3.0 contained a large number of genes previously associated with early cardiac development. For example, smooth muscle a-actin, which is normally present in early heart at 8.0 dpc (Li et al., 1996) , was induced in the P19 cells at day 3 1 3.0. Similarly, the transcription factor M-twist, associated with cardiac and somatic muscle development (Gitelman, 1997; Wolf et al., 1991) , was only present in the most differentiated P19 cells at 3 1 3.0 days. The libraries also contained a number of transcription factor transcripts associated with early heart development, including Gata4, Hand1 and Msx1 transcripts. No cardiacrestricted transcript, however, showed high abundance at days 3 1 0.5 or 3 1 3.0. Tags specific to the cardiac troponin isoforms (T, C and I) were expressed in only 1-6 copies at the two differentiated stages, but none were detectable in undifferentiated P19 cells. Similarly, tags for myosin alkali light chain and the sarcoplasmic reticulum Ca 21 ATPase were only detectable (1-3 tags) in RNA isolated from the differentiated cells. These data are consistent with our model system, since EBs only showed a large number of beating cardiomyocytes after day 3 1 4.0. The differentiation period examined should therefore include transcripts pertinent to pre-and early cardiac differentiation processes.
Many of the tags/transcripts indicative of altered gene expression during differentiation encoded growth factors or transcription regulators (Table 3) . We, however, focused our post-SAGE analyses on a group of transcripts that demonstrated highly significant changes ðP , 0:01Þ in expression during in vitro differentiation and were present in mouse heart. By Q-PCR analysis, we identified eight transcripts with an expression profile similar to that of four known cardiac transcription factors. Five of the eight transcripts encode proteins that can be classified as growth regulators, including IGFBP5, which plays a role in the developmental processes in brain and skeletal muscle development (Allan et al., 2000; James et al., 1993; Rousse et al., 1998) ; the heparin-binding growth factor PTN, which is a member of a developmentally regulated family of cytokines thought to play a role in angiogenesis, neurogenesis, cell migration, and mesoderm-epithelial interactions (Amet et al., 2001; Zhang and Deuel, 1999) ; PODXL, a sialoglycoprotein thought to play a role in the differentiation of hematopoetic cells (Hara et al., 1999) ; DLK1, an inhibitor of adipogenesis that also regulates embryonic pancreas formation and differentiation of beta-cells (Carlsson et al., 1997; Garces et al., 1999; Hansen et al., 1998; Nielsen et al., 1999 Nielsen et al., , 2001 ; and HMGA2, which is involved in chromatin organization, interacts with various transcription factors, and can repress signal transducer and activator of transcription 3-mediated transactivation (Wisniewski and Schwanbeck, 2000; Zentner et al., 2001) . Two of the remaining three corresponded to unknown ESTs. Although we have not determined the developmental function of these proteins during heart development, we have demonstrated an expression and spatial profile consistent with that of other known regulators of cardiac transcription. We therefore suggest that these products play an active role in cardiomyocyte differentiation; however, further studies are needed to demonstrate any functional role in heart development.
In conclusion, we have created a reliable reference to compare and describe P19 transcriptomes and have demonstrated how SAGE catalog comparisons can be used to identify differentiation-regulated genes. Importantly, these data provide a starting point for the understanding of gene function, gene interactions and the role of specific genes in differentiation, and when coupled with in vitro or in vivo experiments should provide information necessary to unravel the molecular events that control myocardial specification, development and diversity. Finally, these SAGE catalogs have been deposited to SAGEmap/Gene Expression Omnibus database (accession numbers GSM 1682-1684, GSE42) to provide a public reference for future transcriptome analyses of pluripotent embryonic cell lines, including P19 cells induced to differentiate to cardiac, skeletal or neuronal cells.
Experimental procedures
P19 EC cell differentiation
The P19 mouse EC cell line was cultured in Dulbecco's modified Eagle's medium (DMEM) (Gibco BRL), supplemented with 15% heat-inactivated fetal bovine serum (FBS), (Gemini BioProduct), 0.1 mM b-mercaptoethanol, 2 mM l-glutamine, 50 IU penicillin/50 mg/ml streptomycin solution, and 10 mM non-essential amino-acids as previously described . EBs were prepared in the presence of 1% DMSO using the 'hanging drop' (HD) method (Rudnicki and McBurney, 1987; Wobus et al., 1994) . The time point for making the HDs was taken as day 0. On day 2, EBs were transferred into suspension culture dishes (Corning). On days 3-5, EBs were transferred to 0.1% gelatin-pretreated 24-well plates (controls) and 60 mm Petri dishes for large-scale RNA preparations.
Spontaneous contractions of the EBs were observed using light microscopy and the ratio of EBs with beating to the total number of plated EBs was determined every 12-24 h. RNA was prepared from EBs, but only from experiments where $96% of the EBs showed spontaneous contractions.
RNA preparation
Cultured P19 cells were washed with PBS twice, and total RNA extracted (Chirgwin et al., 1979) . C57BL/6 mice were killed by cervical dislocation, and total RNA extracted from heart, brain, liver, intestine, kidney, lung, and skeletal muscle.
SAGE
SAGE was performed as previously described (Velcu-lescu et al., 1995; Anisimov et al., 2002) . Poly (A) 1 mRNA was prepared using MessageMaker Reagent Assembly (Gibco BRL), and cDNA was prepared with 5 0 biotinylated Oligo (dT) 18 (Integrated DNA Technologies). Restriction enzymes NlaIII and BsmFI (New England Biolabs) were used for tag generation. After a concatemerization step, the DNA was cloned into pZeRO-1, and all subsequent steps were as described (Anisimov et al., 2002) . Largescale sequencing was performed by Perkin-Elmer Applied Biosystems/Celera Genomics (Foster City, CA, USA). Sequencing results were analyzed using the SAGE 2000 Version 4.12 software (available at http://www.sagenet.org). Duplicate dimers were extracted, and all linkergenerated tags, poly(A 1 ) sequences and clones containing #4 tags were excluded in a 'clean-up' procedure (Anisimov et al., 2002) . The remaining tags constituted the pool of 'reliable tags'. The SAGE 2000 software linked the reliable tags to GenBank (NR and EST, Release 120.0), genbank. In the cDNA mode, the software extracts only those tags that match/genbank. In the cDNA mode, the software extracts only those tags that match cDNAs at the 3 0 end of a sequence.
Expression profiling
Comparisons between libraries were performed using the SAGE 2000 software after 'clean-up' of tag catalogs. Tags were sorted by abundance ratios: the tag abundance in one library was divided by the abundance in a second library. In instances where a tag was not present in one of the two libraries, a conservative value of 1.0 was given; therefore, abundance ratios of 20/2, 10/1, and 10/0 (calculated as 10/1) were considered equal. The ratios were then normalized according to the total number of reliable tags in two libraries. Statistical analyses were performed using the following formula:
where N1 represents the larger tag frequency and k ¼ 2:58 for P , 0:01 and k ¼ 1:96 for P , 0:05 (Madden et al., 1997) . Non-redundant database matches were uploaded into UniGene (http://www.ncbi.nlm.nih.gov/UniGene/) and searched for corresponding Gene-to-Tag matches. Tag comparisons (Anisimov et al., 2002) were made to 98 human (homolog-based matches) and two mouse (direct) SAGE catalogs of UniLib database (http://www.ncbi.nlm.-nih.gov/UniLib/index.cgi) that contained 4,248,074 SAGE tags, with individual catalog data normalized as tpm. Criteria for selection as an EC cell predominant transcript were based on a match to a corresponding gene in GenBank NR or UniGene databases and an expression level $1.5-fold higher than in any of the UniLib SAGE catalogs (except where the tag appeared only once in a small catalog of ,10,000 SAGE tags). Generally, if any EC cell tag frequency (normalized to tpm) were less than or equivalent to any UniLib tag match, the tag was excluded from any further analysis.
Reverse transcriptase-PCR (RT-PCR) analyses
The primers for RT-PCR were selected from published works or designed using Oligo 4.0 software (Molecular Biology Insight, Appendix D). RT-PCR amplifications were performed using the Perkin-Elmer GeneAmp PCR System 9600 with Tth Polymerase (Promega) essentially as described by the manufacturer. DNA amplifications were for 40 cycles of 1 min at 958C, 30 s at 658C, and 30 s at 728C. The final extension was 5 min at 728C. Each RT-PCR experiment included 1-3 sets of primers for experimental genes and one set of primers for b-Tubulin as a control. Serial dilutions of positive control RNA (50, 100, 150, and 200 ng) were amplified for quantitation purposes. The 'Molecular Analyzer' and 'Multi-Analyst 1.1' (Bio-Rad) software were used to analyze the relative levels of the amplified gene products.
RAST-PCR
The method of RAST-PCR was used (van den Berg et al., 1999) for cloning of differentially expressed tags. cDNA was synthesized using an Oligo (dT) 24 primer with a 5 0 M13 primer recognition sequence. Templates were amplified with a 20-bp M13 primer and a tag-specific 19-bp primer [(Inosine) 5 -CATG-Tag]. The PCR was performed using 2.5 U of Taq Polymerase (Qiagen) and buffer plus Q-Solution (Qiagen) with 30 pmoles of each primer and 40 mM dNTPs. The initial denaturation was 5 min at 948C, followed by 33 cycles for 30 s each step at 94, 55, and 728C, respectively. The final extension was for 7 min at 728C. DNA fragments were extracted from 20% polyacrylamide gels using SpinX microcentrifuge tubes (Costar) and used for an anchoring enzyme test-control digestions to ensure the absence of internal NlaIII restriction sites.
An alternative PCR protocol was also used. The reaction contained 10 mM Tris-HCl, pH 9.0, 50 mM KCl, 1 mM MgCl 2 , 5 pmoles of both primers, 0.500 mM dNTPs, 8% DMSO, and 1 U Taq Polymerase (Promega). The initial denaturation step was for 5 min at 958C, followed by four 'touchdown' cycles with two-degree reductions in annealing temperature from 63 to 578C, followed by 24 cycles for 30 s each step at 95, 55, and 728C. The final extension was for 7 min at 728C. The DNA was extracted as described above, tested by NlaIII digestion and directly sequenced using the tag-specific primer. Purified DNA cloned into the pGEM-T Easy Vector (Promega). Inserts were identified by EcoRI digestion and sequenced with a T7 primer.
Quantitative PCR analyses
RT reactions were as previously described (Anisimov et al., 2002) . Real-time PCR reactions were performed with an ABI PRISM 7900 Sequence Detector System (PE Applied Biosystems) using a SybrGreen protocol in a 384-well plate format after determining the optimal amplification program for each primer. All assays were run in quadruplicate and PCR product sizes were verified by agarose gel electrophoresis. For precise amplicon verification, a melting curve of amplified products was generated after each PCR. Analyses were performed with SDS 2.0 software (PE Applied Biosystems), from which we derived standard curves and slope values from tenfold cDNA dilutions (1:1, 1:10, 1:100, 1:1000, 1:10,000). We calculated the amplification efficiency (E) according to the equation: E ¼ 10 21=slope value 2 1. We generated standard curves and determined relative quantities of gene expression according to the User Bulletin #2, ABI PRISM7700 Sequence Detection System (Applied Biosystems). We selected for further analysis only those products that had consistent and appropriate efficiencies of amplification and which generated only one amplification product. All calculations were made relative to RNA from differentiated P19 cells at days 3 1 3.0 or 3 1 4.0.
In situ hybridization
Non-radioactive digoxigenin-labeled probes were made according to the manufacturer's protocol (Roche) using SP6 or T7 RNA polymerase (Moorman et al., 1995) . Both mRNA and cRNA labelled probes were generated from plasmids constructed with the primers indicated in Appendix E. Embryos (14.5 dpc) were removed from pregnant CD-1 mice, washed in PBS and fixed for 45 min at room temperature in 4% paraformaldehyde in PBS, pH 7.4. Embryos were infused with a 15% sucrose solution, embedded in O.C.T. freezing compound and incubated on dry ice until frozen. Sagittal or transverse sections of 16 mm were mounted on Superfrost Plus microscope slides.
In situ hybridizations were performed essentially as described (Moorman et al., 2001) . Sections were brought to room temperature and incubated in 4% paraformaldehyde/0.2% glutaraldehyde in PBS, pH 7.4 for 20 min, then rinsed 3 £ 5 min in PBS. Sections were treated for 10 min at 378C with 20 ug/ml proteinase K in PBS, followed by a 5 min rinse with 0.2% glycine/PBS and 2 £ 5 min washes of PBS. Sections were re-fixed with 4% PFA/0.2% glutaraldehyde and washed twice with PBS.
Sections were pre-hybridized in hybridization mix [50% formamide, 5 £ SSC, 5 mM EDTA, 0.1% Tween-20, 0.1% CHAPS, 0.1 mg/ml heparin, and 1 mg/ml yeast total RNA (Roche)] without probe for 1 h at 708C and then hybridized overnight at 708C. Final probe concentration was about 0.1 ng/ml. Approximately 16 ml of hybridization mix was applied to each section and slides were placed in a moist chamber. After hybridization, sections were rinsed in 2 £ SSC, pH 4.5, then incubated at 378C in 20 mg/ml RNAse A in buffer (10 mM Tris-HCl, pH 7.5, 1 mM EDTA, 0.5 M NaCl), then rinsed again in 2 £ SSC, pH 4.5. This was followed by three 30 min washes at 658C in 50% formamide/2 £ SSC, pH 4.5, then three 5 min washes in PBS/0.1% Tween-20. Probe bound to the section was immunologically detected using sheep anti-digoxigenin Fab fragment coupled to alkaline phosphatase and NBT/ BCIP as color substrate, according to the manufacturer's protocol (Roche).
Northern blot analysis
Tissue patterns of expression were determined using premade mouse multiple tissues (MTN) blots (Clontech) and Mouse Northern blots (Origene). Probes were prepared from 25-50 ng of DNA using DNA Labeling Beads (-dCTP) (Amersham) and 50 mCi [a 32 P] dCTP, and hybridized to membranes using manufacturer's protocol for radioactive labeling. Membranes were washed (final wash: 2 £ SSC/ 0.1% SDS at 508C), and images were acquired and analyzed with a phosphoimager and ImageQuant 5.1 software (Molecular Dynamics), respectively. Control hybridizations with b-actin were performed on all membranes. a Italics denotes SAGE tags that appear in .1 copy in an adult mouse heart SAGE catalog (S. Anisimov et al., in press ). Asterisk (*) denotes transcripts tested for Q-PCR analysis that produced either multiple PCR products, or had inappropriate amplification efficiencies (,70 or .100%).
b Absolute number of tags (N) and abundance in tags per million (tpm) detected in P19U, P19 3 1 0.5 and P19 3 1 3.0 SAGE catalogs. Table 3 and Appendix A.
